Oil-degrading filamentous fungi (ODF) were enumerated and isolated from two islands, Iriomote, Japan, and Con Dao, Vietnam. Iriomote has a subtropical and Con Dao a tropical climate. The counts of total fungi and ODF in sediment samples from supratidal and intertidal zones on Iriomote were statistically higher than on Con Dao. Water samples from seawater, however, gave a reverse result. In total, 23 ODF including 11 isolates in 5 genera from Iriomote and 12 isolates in 4 genera from Con Dao were isolated. On Iriomote, the isolates which showed the highest potential of oil degradation were 2 Penicillium isolates and one Trichoderma, however they did not grow at 37℃ nor survived at 37℃. One Candida isolate has higher potential of oil-degradation, and grew and survived at temperature 42℃. On the contrary, on Con Dao, 2 Aspergillus, one Penicillium and one Trichoderma isolates had potential of oil-degradation, and grew and survived at temperature 42℃. This result suggests that comparing with subtropical Iriomote, the tropical Con Dao maintains more oil-degrading fungi which have higher-temperature resistance.
INTRODUCTION
Oil is a significant source of energy for both industry and daily life worldwide. It remains the world＇s leading fuel, with 33 percent of global energy consumption (BP Group 2014) . Oil is transported across the world from production sites to refineries and from refineries to consumers by different modes of transportation such as maritime routes using barges and tankers, and inland routes using pipelines, trucks and trains. In 2013, total world crude oil and other liquid fuel production was about 90 million barrels per day (bbl/d). It is estimated that 63 percent of this amount traveled via a maritime route (EIA 2014) . Annual oil spillage from waterborne transportation has been estimated at 4 million bbl/d of crude oil seepage per year (Kvenvolden and Cooper 2003, Das and Chandran 2011) , and accounts for 70 percent of pollution from oil and gas activities (Weis 2015) . Oil spills in the environment cause long-term damage to aquatic and soil ecosystems, human health and natural resources (McGenity et al. 2012) .
There are three ways of treating oil contamination: physical, chemical and biological. In comparison with physical and chemical methods, the biological method, bioremediation, is considered a non-destructive, cost-effective treatment. In this study, we followed the newly introduced bioremediation method by Ueno et al. (2007) called autochthonous bioaugmentation. In this method, indigenous microorganisms which are potentially capable of degrading oils and well-characterized from the contaminated sites or predicted contamination sites are used. This method has a number of advantages for the decontamination of oilpolluted land with shorter treatment time, greater potential efficiency, lower impact on the environment, and relative ease in obtaining public support (Hosokawa et al. 2009 ). Iriomote and Con Dao islands are both predicted contamination sites locating on a busy maritime route which transported 15 million bbl/d in 2013 and supplies 83 percent of crude oil and oil products to Japan and East Asian countries (EIA 2014) . Because these islands are covered 70-80 percent by ecologically sensitive national parks that include jungle, mangrove (Alsaaideh et al. 2013) , coral reef ecosystems and several endangered species (Cox 2002 , RAMSAR 2014 , we have screened the indigenous microorganisms from these islands to minimize disturbance to their ecosystems. Because oil is a complex mixture of hydrocarbons, other organic compounds and organometallic constituents, a vast array of microbial species (bacteria, fungi, algae, and cyanobacteria) have diverse mechanisms to degrade it (Hamme et al. 2003) . Filamentous fungi possess attributes that make them good potential agents for oil degradation such as quick spread in the environment, digestion of substrates by extracellular enzymes and ability to grow under stressful environmental conditions, especially due to their tolerance to high concentrations of polluting chemicals (Cerniglia and Sutherland 2001 , Elshafie et al. 2007 , Al-Nasrawi 2012 , Sardrood et al. 2013 . In addition, some fungal genera such as Aspergillus and Penicillium show greater ability to degrade oil contaminants than bacteria such as Arthrobacter, Brevibacterium, Flavobacterium, Micrococcus, and Pseudomonas (Elshafie et al. 2007, Sardrood et al. 2013) . Oil-degrading microorganisms in general and fungi in particular are not restricted to a particular ecosystem, country or continent and have been found in the Arctic, Antarctic and temperate regions (Jones 1993) ; however, there are few reports on their distribution in high temperate ecosystems (Oudot et al. 1993 , Prince 1993 , Elshafie et al. 2007 . Moreover, most works focus on the biodegradation of oil by bacteria, whereas fewer papers deal with the degradation of oil by fungi (Chaineau et al. 1999) . Recently, comparative research was carried out in subtropical areas such as the Gulf of Mexico (Al-Nasrawi 2012) and Arabian Gulf region (Hashem 2007) , and in tropical areas such as Oman (Elshafie et al. 2007 ), Indonesia (Chaillan et al. 2004) , and India (Saravanan and Sivakumar 2013) , which identified a number of fungal genera in subtropical and tropical areas that can degrade oil, such as Aspergillus, Eupenicillium, Fusarium, and Penicillium. Iriomote, Japan, has a subtropical climate, whereas Con Dao, Vietnam, has a tropical climate. The aim of this study was to compare the distribution of indigenous ODF on two islands, which have sensitive ecosystems.
MATERIALS AND METHODS

Study sites and sample collection
Four study sites were selected on each island, Iriomote and Con Dao (Fig. 1) . On Iriomote, the study sites were Urauchi mangrove forest (Ir1), Uehara Port (Ir2), Funaura Bay (Ir3) and Ohara Port (Ir4), and on Con Dao, Dam Trau Beach (CD1), Vong Beach (CD2), An Hai Port (CD3) and Ben Dam Port (CD4). These sites stretch along the shoreline from the northern to southern part of each island. On Iriomote, Ir1 is in a mangrove forest along the Urauchi river, which is the largest river in Okinawa Prefecture, Ir2 and Ir4 are in busy ports on the main transport routes to the island, and Ir3 is in a bay with seagrass and mangroves. On Con Dao, CD1 is on a tourist beach, CD2 is on a beach with seagrass, CD3 is in a port and residential area with high population density, and CD4 is in a main, busy port of the island. Three kinds of samples, sediments from a supratidal zone (S1), sediments from an intertidal zone (S2) and one water sample (W) from seawater, were taken at each site during the same dry season from January to May to minimize seasonal effect. Samples were taken from four random locations at each zone in each site and transferred to the laboratory for analysis within 48 h in sterilized glass bottles kept at 4-8℃ in a cool box (Al-Nasrawi 2012). Environmental parameters, seawater and ambient temperatures, salinity and pH, were measured in each study site.
Medium preparation
For enumerating total fungi, Czapek-Dox malt extract agar (CDA) was used (Al-Nasrawi 2012). The composition of CDA medium was 30 g sucrose, 2.0 g NaNO 3 , 0.5 g magnesium glycerolphosphate, 0.5 g KCl, 0.35 g K 2 SO 4 , 0.01 g FeSO 4 , 30 g malt extract, 15 g agar in 1 l of distilled water (dw). Streptomycin (500 mg/l) was added to the media after sterilization as an antibacterial agent. To enumerate ODF, Bushnell-Haas mineral salt agar (BHA) was used (Al-Nasrawi 2012). BHA consisted of 0.2 g MgSO 4 , 0.02 g CaCl 2 , 1 g KH 2 PO 4 , 1 g K 2 HPO 4 , 0.05 g FeCl 3 , 1 g NH 4 NO 3 , 20 g NaCl, 20 g agar in 1 l of dw. The streptomycin (500 mg/l) was added. Seria Light Export Blend (SLEB) crude oil supplied from Brunei Shell Petroleum Company, Brunei Darussalam, was heated at 100℃ for 48 h and sterilized by filter membranes (0.2 µm pore size). One percent (v/v) of this weathered crude oil was spread on the surface of BHA medium as the sole carbon source. For ODF enrichment and oil-degradability screening, Bushnell-Haas mineral salt broth (BHB) was used. BHB has the same composition as BHA except that agar, streptomycin (500 mg/l) and 1 percent (v/v) weathered crude oil were added to the sterilized medium (Venkateswaran et al. 1991 , Al-Nasrawi 2012 . For characteristic identification of isolated fungi, potato dextrose agar (PDA, Wako Ltd., Japan) and Sabouraud agar (SBA) were used. SBA consisted of 40 g dextrose, 10 g peptone and 20 g agar in 1 l of dw.
Enumeration of total and ODF
Two kinds of sediment samples from S1 and S2 were prepared by aseptically homogenized, weighed and mixed with an equal weight of 0.85 percent (w/v) sodium chloride. The adhering microorganisms were dissociated by a vortex mixer. The microorganisms were spread as 10-fold serial dilutions onto CDA and BHA plates for enumeration of total fungi and ODF, respectively (Al-Nasrawi 2012). Each dilution was inoculated in triplicate. The colonies that developed were counted and expressed as colony forming units (CFU) per gram dry weight of sample. Fungi in seawater samples W were enumerated by the membrane filter method (Venkateswaran et al. 1991) . Each 100 ml seawater sample was filtered through a membrane (47 mm diameter, 0.2 µm pore size) in quadruplicate; two membranes were singularly placed on top of CDA plates and the other two singularly on top of BHA plates for the enumeration of total and ODF, respectively (Al-Nasrawi 2012). The colonies that developed were counted and expressed as CFU per 100 ml water sample. All incubations were carried out at 25℃ up to 7-10 d.
Isolation of ODF
The colonies that formed on BHA during the enumeration steps were isolated by repeated streaking on fresh CDA plates. ODF were also isolated by the enrichment medium method (Chaerun et al. 2004) . One gram of each sediment sample was inoculated in an Erlenmeyer flask containing 50 ml autoclaved BHB. The samples were incubated at 120 rpm, 25℃ on an orbital shaker for 5-20 d. After every 5 d of incubation, a sample of culture medium was serially diluted and spread on BHA. The colonies that formed were isolated by repeated streaking on fresh CDA plates. 
Oil-degradability screening
Biodegradability of isolates was verified using the modified technique based on the redox indicator p-iodonitrotetrazolium (INT) (Wrenn and Venosa 1996, Masoko et al. 2005 ). The isolate was cultivated in 50 ml Erlenmeyer flasks containing 10 ml BHB. After 7 d of incubation, 1 ml of culture medium was transferred aseptically to a tube and added 100 µl of filter sterilized INT (5 g/l). Color change of the mixture was observed; the mixture in which INT was reduced to change the color from slight yellow to pink or red were scored as ＋ and ＋＋, respectively, after 2-3 days incubation. The darker color of the medium meant the greater fungal growth was in the medium with crude oil.
Morphological and molecular identifications of isolates
Fungal genera were identified based on the taxonomic keys based on morphology (Watanabe 2010 ). The keys were the color and tint in colony surface and reverse, presence of aerial hyphae, colony surface texture, colony margin, pattern and pigment exudation.
DNA sequencing was used to identify the isolates by species. The internal transcribed spacer (ITS) 1, 5.8S and ITS2 regions of the ribosomal RNA genes were obtained by PCR with primers ITS-5 (5′-GGAAGTAAAAGTCGTAAC AAGG-3′) and ITS-4 (5′-TCCTCCGCTTATTGATATGC-3′) using sequencing methods described previously (Yamaguchi et al. 2014) .
DNA was extracted from one piece (0.5 mm 2 ) of fungal mycelia from a culture incubated at 25℃ for 7 d on a PDA slant using a DEXPAT kit (TaKaRa, Ohtsu, Japan). The reaction mixtures were denatured once at 95℃ for 4 min and amplified for 30 cycles at 94℃ for 1 min, 50℃ for 1 min, and 72℃ for 2 min, with a final extension at 72℃ for 10 min in a PCR Thermal Cycler MP (TaKaRa).
The PCR samples were directly cycle sequenced with BigDye Terminator ver. 1.1 (Applied Biosystems, Foster City, CA, USA) on an ABI PRISM 3100 sequencer (Applied Biosystems) using the primers ITS-5, ITS-4, ITS-2 (5′-GCTGCGTTCTTCATCGATGC-3′), and ITS3 (5′-GCATCGATGAAGAACGCAGC-3′) (White et al. 1990 ). The DNA sequences were aligned using ATGC Ver. 7 -Sequence Assembly Software for Windows (GENETYX Corporation) and the MEGA Ver. 6 tool (Tamura et al. 2013) . Sequences were analyzed by the NCBI BLAST tool to classify and identify closely related fungal sequences. We identified the isolates to the certain species if the BLAST results showed similarity values of 98% or higher.
Effect of temperature on isolates
High-temperature resistance and pathogenic potential of the isolates were examined. The isolates were cultured on PDA slants in duplicate and incubated at temperatures of 15, 20, 30, 35, 37, 39 and 42℃ for 7 d to evaluate growth of the mycelia. After incubation, inoculated mycelia showing no growth were kept at 25℃ for another 7 d to check mycelial survival.
Statistical analysis
The data were analyzed using Excel (Microsoft Office, Redmond, WA, USA). The difference in the means of the total fungi and ODF between Iriomote and Con Dao was each analyzed by Student＇s t-test (p＜0.05). The difference in the means of the total fungi and ODF among the 4 sampling sites was analyzed by the analysis of variance (ANOVA, p＜0.05).
RESULTS
Environmental parameters of study sites
The seawater temperature ranged between 12.1 and 13.5℃ on Iriomote and between 25.5 and 26.5℃ on Con Dao (Table 1 ). The average seawater temperature 12.7℃ of the four study sites on Iriomote was 13.3℃ lower than 26.0℃ on Con Dao. The average ambient temperature on Iriomote was 15.9℃, which was 19.0℃ lower than 34.9℃ on Con Dao. The salinity and pH were similar between the sites except for Ir1. This site had the lowest value of pH (7.9) and salinity (2.5 percent).
Distribution of total fungi
The numbers of the total fungi from the S1 and S2 zones on Iriomote were statistically greater than on Con Dao (p＜0.05, Fig. 2 ). On the controversy, the numbers of the total fungi from the W zones on Iriomote were less than on Con Dao (p＜0.05). Figure 3 shows the number of the total fungi in each study site. At the S1 zones on Iriomote, the number of total fungi ranged from 2.5×10 3 (Ir4) to 7.9×10 3 CFU/g (Ir1), and at the S2 zones from 0.9×10 3 (Ir2) to 9.2×10 3 CFU/g (Ir1). At the W zones, the number of total fungi in the seawater ranged from none (Ir2) to 2.2×10 1 CFU/100 ml (Ir3). At the S1 zones on Con Dao, the number of total fungi ranged from none (CD1) to 2.4× 10 2 CFU/g (CD2), and at the S2 zones from 1.1×10 1 (CD3) to 1.8×10 3 CFU/g (CD1), and at the W zones 0.8×10 1 (CD3) to 3.5×10 1 CFU/100 ml (CD4). The numbers of total fungi in the four sites from only S2 zone in Iriomote gave the statistical difference (p＜0.05).
Distribution of ODF
Figure 2 also shows the distribution of ODF at the study sites. The numbers of ODF from S1 and S2 were significantly greater (p＜0.05) on Iriomote, however those from W zones were less (p＜0.05) than on Con Dao; this was the same distribution tendency with the total fungi. At the S1 zones on Iriomote, the number of ODF ranged from 0.3×10 2 (Ir2) to 7.1×10 2 CFU/g (Ir1), at the S2 zones from 0.2×10 2 CFU/g (Ir2) to 9.7×10 2 CFU/g (Ir1), and at the W zones from none (Ir2) to 4.0 CFU/100 ml (Ir3). At the S1 zones on Con Dao, the number of ODF ranged from none (CD1) to 6.6 CFU/g (CD4), at the S2 zones from 2.7 (CD2 and CD3) to 1.3×10 1 CFU/g (CD1), and at the W zones from 2.0 (CD3) to 1.4×10 1 CFU/100 ml (CD1).
Among the four sites on Iriomote, there were significant differences (p＜0.05) only in the samples from S2 zones (Fig 3) . Ir1 showed the highest number; this was the same tendency with the total fungus number. The percentage of the ODF out of the total fungi was from 0.4% (Ir2) to 14.5% (Ir3) at the S1 zones, 2.0% (Ir2) to 41.7% (Ir3) at the S2 zones, and none (Ir2) to 18.5% (Ir3). In Funaura Bay (Ir3), all percentages of the ODF were the highest, and in Uehara Port (Ir2) the lowest. On Con Dao, there was not clear tendency.
Identification of isolates
We identified oil-degrading filamentous fungi which could grow on the medium with the oil. A total of 23 isolates were identified based on morphology and ITS rRNA gene sequences. Eleven isolates from Iriomote were identified in 5 genera, Candida, Fusarium, Penicillium, Scedosporium, and Trichoderma. From Con Dao, 12 isolates were identified in 4 genera, Aspergillus, Cladosporium, Penicillium, and Trichoderma. The sequences of the 23 isolates have been submitted to the genetic sequence database at the DNA Data Bank of Japan (DDBJ). The accession numbers of these isolates in DDBJ are shown in Table 2 .
In terms of the frequency of occurrence of isolates in the study areas, 6 isolates out of 11 from Iriomote were present at more than two sites ( Table 2) . The 9 isolates out of 12 from Con Dao were present at only one site, while 3 isolates were present at more than two sites. This indicates that the species commonness of ODF on Iriomote is higher than on Con Dao.
Oil-degradability of isolates
The potentials of oil-degradation of the isolates were rated to 2 levels in Table 2 . The results showed that total 23 isolates had the ability to grow in the medium with crude oil as the sole carbon source. On Iriomote, Penicillium (Oh-1.7 and Oh-1.6.1) and Trichoderma (Oh-1.10.1), and on Con Dao Aspergillus (BD-3.4/2, DT-2.5.2, DT-3.4 and DT-2.5.1/2) and Penicillium (DT-2.5.3) showed the greatest oildegradability (＋＋).
Temperature effect on isolates
Table 2 also shows the growth and survival of the iso- The study sites, Ir1-4 and CD1-4, are the same as in Table 1 . The kinds of samples, S1, S2 and W, are the same as in Fig. 2. lates at different temperatures from 15℃ to 42℃. All isolates were able to grow and survive from 15℃ to 30℃. Among Iriomote isolates, only one isolate of Candida sp. Fu-1.12 grew and survived at 42℃. P. citrinum Fu-1.14, Scedosporium sp. Fu-1.13 and T. asperellum Oh-2.1 reduced growth but survived at 37℃. For the isolates from Con Dao, A. terreus DT-3.4 continued growth and survived at 42℃. A. versicolor DT-2.5.1/2, P. citrinum VB-3.5, and T. reesei DT-3.3 survived at 42℃. A. nidulans BD-3.4/2, A. nomius DT-2.5.2, P. mallochii AH-1.1, Penicillium sp. DT-2.5.3 and AH-3.3/1 showed no survival at 42℃. There was only one strain Fu-1.12 survived at above 42℃ on Iriomote, however 4 isolates on Con Dao had high-temperature resistance.
DISCUSSION
The numbers of the ODF were from 0.2×10 2 to 9.7× 10 2 CFU/g in the sediment samples from S1 and S2 zones on Iriomote. The number of ODF up to 10 2 CFU/g in the two study areas was similar to the results from the study of Walker and Colwell (1976) in a temperate region, Maryland, USA.
Compared with the results from Con Dao Island, as to both total fungi and ODF, their CFUs of S1 and S2 in Iriomote Island had higher values. During the sample collections, we observed the following characteristics in both samples; the samples from Iriomote were the mixture of sand and mud, whereas samples from Con Dao were fine sand. That meant the organic matter from Iriomote samples was higher than that from Con Dao. That might be the reason why the CFUs of fungi in Iriomote samples were 1) The number of sampling sites, which were the same as in Table 1 and Fig. 1 , where the isolates were found.
2) The potential of mycelial oil-degradation was surveyed based on the color change of the incubated medium with INT;＋low, ＋＋ high.
3) The growth and survival of the mycelia were examined at the temperatures of 15, 20, 30, 35, 37, 39 and 42℃ for 7 d incubation. higher than in Con Dao samples.
The site showing the highest CFUs in the zones of S1 and S2 was Urauchi mangrove forest Ir1 on Iriomote. The percentages of the ODF out of total fungi were greatest in Funaura Bay Ir3 on Iriomote. These sampling sites did not have any oil spill accidents during the collection period. These sites are located at the large river mouth and bay with mangrove and seagrass, so the biodiversity are higher than at other sampling sites.
The numbers of isolates of ODF were 11 and 12 from Iriomote and Con Dao, respectively. From Iriomote the dominant species belonged to 5 genera, including Fusarium, Penicillium, and Trichoderma, and from Con Dao 4 genera including Aspergillus and Penicillium. There was, however, no genus Aspergillus isolated from Iriomote and no genus Fusarium from Con Dao. The difference in the composition of fungi in the two study areas was depending on water temperature, rather than air temperature (Hyde et al. 1998) .
Water temperatures near the islands are influenced by the tropical or cold ocean currents which can cross the boundaries of the study areas (Hyde et al. 1998 In comparison with other studies in subtropical areas, the number of isolates 11 on Iriomote was lower than 16 isolates in 11 genera in the Gulf of Mexico (Al-Nasrawi 2012) and 20 isolates in 9 genera in the Gulf of Arabia (Hashem 2007 ). The number of isolates 12 on Con Dao was higher than 10 isolates in 4 genera in Oman (Elshafie et al. 2007 ) and 10 isolates in 6 genera in India (Saravanan and Sivakumar 2013) , but lower than 21 isolates in 10 genera in Indonesia (Chaillan et al. 2004) . This difference is depending upon variable elements such as environmental parameters and contamination conditions of the study areas. The numbers of ODF isolates in this study were lower than the previous studies in the contaminated areas such as Gulf of Mexico, Gulf of Arabia and Indonesia, because quantity and composition of oil-degrader community in the environment increase rapidly after exposed to hydrocarbon (Chikere et al. 2011) .
Oil-degradability and high-temperature resistance are two of the important factors for bioremediation. The numbers of isolates, which had high oil-degradability, were 2 in Penicillium and one in Trichoderma from Iriomote, while 4 in Aspergillus and one Penicillium from Con Dao. Among these isolates, 3 isolates on Iriomote showed no survival at 37℃, and 5 isolates on Con Dao could survive at more than 37℃. This meant that the oil-degradable isolates on Con Dao were higher-temperature resistant than those on Iriomote. This result also supported the previous study, suggesting that Penicillium and Aspergillus are the most common genera found in marine ecosystem (Hyde et al. 1998 ) and these genera are more active in ability to degrade crude oil than others (Elshafie et al. 2007 , Hashem 2007 , Al-Nasrawi 2012 , Saravanan and Sivakumar 2013 .
Temperature affects not only chemistry, including the solubility of hydrocarbons (Foght et al. 1996) but also the physiology and diversity of microbial flora (Das and Chandran 2011) . Thus, it affects the growth and activity of microorganisms and rate of biodegradation by microorganisms. The rate of hydrocarbon degradation depends on temperature and it is optimal at 30-40℃ in soil environments, 20-30℃ in some freshwater environments and 15-20℃ in marine environments (Bartha and Bossert 1984, Cooney 1984) . In this study, the majority of isolates could grow at up to 35℃. The isolates Candida sp. (Fu-1.12) on Iriomote and A. nomius (DT-2.5.2), T. reesei (DT-3.3) and A. terreus (DT-3.4) on Con Dao could grow at higher temperatures. These isolates showed good attributes for application in oil bioremediation. However, they may have pathogenic potential to humans and other warm-blooded animals.
